A new fluorometric assay is presented for the ultrasensitive quantification of total protein carbonyls, and is based on their specific reaction with rhodamine B hydrazide (RBH), and the production of a protein carbonyl-RBH hydrazone the fluorescence of which (at ex/em 560/585 nm) is greatly enhanced by guanidine-HCl. Compared to the fluorescein-5-thiosemicarbazide (FTC)-based fluorometric assay, the RBH assay uses a 24-fold shorter reaction incubation time (1 h) and at least 1000-fold lower protein quantity (2.5 µg), and produces very reliable data that were verified by extensive standardization experiments. The protein carbonyl group detection sensitivity limit of the RBH assay, based on its standard curve, can be as low as 0.4 pmol, and even lower. Counting the very low protein limit of the RBH assay, its cumulative and functional sensitivity is 8500-and 800-fold higher than the corresponding ones for the FTC assay. Neither heme proteins hemoglobin and cytochrome c nor DNA interfere with the RBH assay.
Introduction
The biological importance of protein carbonylation as a marker of oxidative stress, the mechanisms of protein carbonyl formation, the involvement of carbonylated proteins in various biological phenomena and diseases, and their partial recognition/decomposition by proteasomes have been extensively discussed in a previous study [1] . In the same study, the numerous 2,4-dinitrophenylhydrazine (DNPH)-based assays for protein carbonyl identification (quantification in total protein samples or their qualitative spatial distribution in cells) have been also examined, together with their limitations and other reliability problems (due to non-standardized protein fractionation protocols, DNA and sulfenic acid interference among other factors).
There are also numerous non-DNPH-based methods for the quantitation of protein carbonyls by non-fluorescent and fluorescent hydrazides. Indicatively, the non-fluorescent sodium cyanoborohydride has been coupled with fluoresceinamine (FINH 2 ) for the identification of the FINH 2 -carbonyl derivative by HPLC and mass spectrometry (MS) [2] . However, the resulting FINH 2 derivatives are degraded by acid hydrolysis to non-fluorescent decarboxylated derivatives [3] . Alternatively, the non-fluorescent biotin hydrazide [4, 5] can track carbonylated proteins via fractionation techniques (e.g., microcapillary LC) and their specific identification by MS [6] . Moreover, biotin hydrazidelabeled total proteins can be detected by streptavidin-coupled peroxidase-catalyzed chemiluminescence of immunoblots [7] .
On the other hand, fluorescent hydrazides have been mostly used for qualitative protein carbonyl assessment. For example, coumarin hydrazide (which also fluoresces in free form) has been used in microscopy imaging of cellular protein (and lipid) carbonyls [8] . Biotin hydrazide-labeled total proteins are semi quantitatively evaluated by streptavidin-coupled fluorescence in Western immunoblots [9] . This coupling is also combined by use of SDS [10, 11] and carbonyl reduction with tritiated ( 3 H-labeled) sodium borohydride [12] . Sensitivity and fractionated in a two-dimensional gel, which overcomes the need of Western blotting and immunodetection, thereby shortening procedure time and increasing accuracy [13] . Other methods use the fluorescent (also in free form) probes fluorescein hydrazide [14] and fluorescein thiosemicarbazide (FTC) [14] [15] [16] [17] for the fluorometric determination of total protein carbonyl groups after fractionation on PAGE. However, the aforementioned fluorescent methods have not been developed for the routine quantification of the carbonyl content in total protein samples. Currently, this need is served by a method based on fluorescein-5-thiosemicarbazide (FTC) [14, 15, 17] . However, the FTC assay (has been offered as a commercial kit) has the following limitations, which necessitate the development of a more reliable fluorescent assay.
The fluorometric FTC assay: limitations
To illustrate the limitations of the FTC assay a briefly outline of the principle of this assay is needed: Protein carbonyls are incubated for 24h (or overnight) with 0.2 mM FTC at pH 6.0, followed by removal of the unreacted (free) fluorescent FTC by 16%-TCA protein precipitation, and 3×-wash of the resulting protein pellet with acetone [17] . The main limitations of the FTC assay are as follows:
1. The protein precipitation step by TCA alone has been shown that is quite ineffective for protein recovery (e.g., recovery can be as low as 24% [18] ), and also results in loss of the acid soluble proteins. 2. The assay is applicable only to samples with high in protein content, e.g. on 5 mg ml −1 for human plasma and up to 10 mg ml −1 protein [17] . 3. The FTC assay loses further in sensitivity because the TCA-precipitated and 3×-acetone-washed protein must be solubilized in 6 M gndHCl, which quenches the fluorescence of the protein carbonyl-FTC hydrazone, and to overcome this the resulting hydrazone solution must be 10-fold diluted. The dilution step is also required to minimize interference in the accurate determination of the solubilized protein concentration by the employed BCA assay [17] . 4 . Another crucial uncertainty of the FTC assay is that although it uses a 1:1 fluorescent molar stoichiometry between the protein carbonyl-FTC hydrazone and the FTC reagent used for the standard curve [17] ) claimed to be based on a previous study [14] , the existence of such stoichiometry is not reported by the referred study. 5. The question of DNA interference has not been addressed for the FTC assay.
The aforementioned limitations of the FTC assay illustrate the need for the development of a new fluorometric assay that is simple, fast, reproducible, and highly sensitive both in the routine analysis of total protein samples at the µg level and with very low carbonyl content. A standardized methodology for sample protein fractionation is reported elsewhere [1] .
The present study addresses the aforementioned limitations of the FTC assay by developing a new fluorometric assay based on rhodamine B hydrazide (RBH). It is based on the reaction of RBH with isolated protein samples (at pH 3), their subsequent precipitation with a combination of deoxycholate (DOC) and trichloroacetic acid (TCA), the solubilization of the protein carbonyl-RBH hydrazone in near saturation guanidine hydrochloride (gndHC) at pH 5, and its subsequent fluorescence quantification (at ex/em 560/585 nm).
RBH has never been used for the quantification of protein carbonyls, except as a tag in reactive carbonyl containing short peptides (fused to T4 lysozyme or synthesized on filter paper for colorimetric assays of the peptide-hydrazide interaction), used for site-specific protein labeling [19] . The only time RBH has been used to quantify a hydrazone derivative was with diacetyl (by formation of a hydrazone bond with one of its two carbonyl groups [20] ); also for the quantification of malondialdehyde in biological fluids (via derivatization of its aldehyde group, and HPLC quantification [21] ). Other than these cases, RBH has been used for the quantification of the following molecules via their direct/indirect oxidation and decompose of RBH to its fluorescent product rhodamine B: peroxynitrite (via direct oxidation of RBH [22] ; H 2 O 2 (via iron-tetrasulfonatophthalocyanine catalysis), and also biomolecules that produce H 2 O 2 via catalysis by their oxidase (such as glucose via glucose oxidase) [23] ; Cu 2+ (by its binding to the spirolactam amide ring of RBH, thereby hydrolyzing it to rhodamine B [24] ); NO indirectly (it converts NO 2 aerobically to N 2 O 3 , which, via nitrosylation, converts the hydrazide amino group of RBH to diazonium group, the 5-membered ring of which is opened to form an azide intermediate that is converted into rhodamine B) [25] ; hemoglobin and cytochrome c (via RBH hydrolysis to rhodamine B after RBH incorporation in detergent sodium dodecylbenzene sulfonate micelles [26, 27] ). However, the aforementioned RBH oxidants are not expected to pose any interference problems with the RBH assay, (i) because the assay is not applied on whole homogenates but only on isolated protein fractions (possibly coexisting with hemoglobin and cytochrome c, the interference of which, and of DNA, will be investigated), and (ii) these oxidant molecules are not bound to proteins (not even the readily reacting with proteins peroxynitrite [28] ). Nonetheless, ROS-oxidized proteins may contain organic hydroperoxides (PrOOH [29] ) with oxidative properties similar to H 2 O 2 , and could oxidize RBH to rhodamine B. However, PrOOH will be destroyed by dithiothreitol (DTT) when pretreating samples by a standardized protein fractionation procedure suggested for quantifying protein carbonyls (Described in Supplement Section V of the ntrDNPH assay [1] ); DTT reduces organic hydroperoxides (e.g. of lipids) to alcohols [30] , and also eliminates thydrazine reactive sulfenic groups in ROS-oxidized Cys residues. However, even using non-DTT-treated protein samples that oxidize RBH to rhodamine B in the reaction mixture of the RBH assay, rhodamine B will not interfere because it is removed from the RBH-treated protein by DOC-TCA-precipitation of the latter (and its subsequent solubilization for the quantification of the protein carbonyl-RBH hydrazone).
Nonetheless, the RBH assay will be extensively standardized in order to address possible unreliability and interference and considerations. Besides suggesting use of the aforementioned standardized protein fractionation procedure, which also removes DNA [1] , the following standardization studies will be performed: 1. RBH assay parameters (pH, reaction time, fluorescence maximization and stability of the protein carbonyl-RBH hydrazone) will be developed on control proteins (BSA, lysozyme, pepsin) that will be artificially carbonylated (by Fenton-generated hydroxyl radical oxidation, ox) and decarbonylated (by NaBH 4 reduction, red); the RBH assay will be crosschecked on the control protein pairs BSA ox/red , lysozyme ox/red , and pepsin ox/red . 2. Two-fold titration experiments will be performed on the RBH assay to establish the molar stoichiometry of the reaction between RBH and protein carbonyl groups (thereby allowing the investigation of using RBH for the assay's standard curve): (i) titration of a known concentration of RBH by known concentrations of protein carbonyls (from control BSA ox , determined by the control ntrDNPH assay [1] ); (ii) titration of a known concentration of BSA ox carbonyls by known concentrations of RBH. 3. Statistical data coincidence comparisons will be performed between the RBH assay and the control ntrDNPH assay, using known carbonyl concentrations of BSA ox mixed at known ratios with BSA red (decarbonylated control). The ntrDNPH assay is used as comparison control because (i) the reaction mechanism of protein carbonyls with DNPH is well known, and (ii) the reliability in measuring them with DNPH has been maximized with the ntrDNPH assay [1] . 4. The carbonyl content of indicative protein samples will be tested with the RBH assay against their artificially decarbonylated (via NaBH 4 reduction) counterparts, and will be compared with that determined by the control ntrDNPH assay. 5. Finally, the RBH assay will be tested for interference by DNA (in case samples are not treated by the aforementioned standardized protein fractionation procedure), hemoglobin, and cytochrome c.
Part A. Protocol of the RBH assay
The following RBH assay procedure has been developed after standardization of its following parameters: assay reaction pH (previously studied for the reaction of RBH with diacetyl's carbonyls [20] ); assay reaction time, optimum pH and excitation/emission (ex/em) wavelengths for attaining maximum fluorescence (units, FU) of the protein carbonyl-RBH hydrazone, all in the presence of chaotropic factors (gndHCl and urea) in order to minimize reaction time and maximize hydrazone FU and stability over time; establishment of the molar stoichiometry of the reaction between RBH and protein carbonyl groups, which is 1:1 and allows the use of RBH for constructing the standard curve of the RBH assay. Standardization experiments were performed on certain control protein (BSA ox/red , lysozyme ox/red , Fig. 1 . RBH assay mechanism. Formation of a fluorescent protein carbonyl-RBH hydrazone by the reaction of protein carbonyls with RBH, and subsequent opening of the RBH spirocyclic lactam ring. The non-fluorescent spirolactam amide ring of free RBH is also opened by the assay buffer 33/17 mM C/P-8 M gndHCl, pH 5, resulting in a fluorescent RBH hydrazine at a 1:1 M fluorescence equivalence with the protein carbonyl-RBH hydrazone.
pepsin ox/red ), and are presented in the Supplement's Part I. Standardization of the RBH assay, Sections I, II, III, IV. Having established that the RBH assay (see mechanism in Fig. 1 ) will be performed at 25 µM RBH in 33/17 mM C/P-0.1 M gndHCl buffer, pH 3, for 1 h at 37°C in the dark, using 33/17 mM C/P-8 M gndHCl buffer, pH 5, as solubilizing solution of the DOC-TCA-precipitated/cold acetone-washed protein carbonyl-RBH hydrazone, RBH assay optimized procedure and reagent solutions are as follows:
• 132/68 mM C/P-0.4 M gndHCl buffer, pH 3: Dissolve 0.118 g K 2 HPO 4 , 0.277 g citric acid monohydrate and 0.382 g gndHCl in9 ml ddH 2 O to final 10 ml, and adjust to pH 3 (with 10 M KOH dropwise).
1 mM RBH: Dissolve 1 mg RBH in 2 ml absolute EtOH. The RBH stock solution should be always kept light-protected (e.g. wrapped in aluminum foil) and placed in an ice-water bath during use both in the RBH assay and for preparing the RBH standard curve (in the supplement's Part I. Standardization of the RBH assay, Section IV). It can be stored at − 20°C for at least a month.
• 1.4 M HCl: Mix 0.117 ml conc. HCl (12 M) with 0.875 ml ddH 2 O.
• 100% TCA: For the 100% stock, dissolve 10 g TCA in ddH 2 O to final 10 ml.
• 1% DOC: Dissolve 0.01 g DOC in ddH 2 O to final 1 ml.
• 100% Acetone: Keep at − 20°C.
• 33/17 mM C/P-8 M gndHCl buffer, pH 5: Dissolve 30 mg K 2 HPO 4 , 69 mg citric acid monohydrate and 7.64 g gndHCl in~4 ml ddH 2 O to final 10 ml (by heating the solution to 35°C for approximately 30 min), and after cooling to RT adjust to pH 5 (with KOH).
Sample protein preparation and solubilization
Proteins in biological samples can be isolated as cytoplasmic/aqueous, membrane/lipid-bound or histone/DNA-bound protein fractions by the aforementioned standardized procedure (see supplement's Section IV of the ntrDNPH assay [1] ). The blood serum, cytoplasmic and the histone protein fraction pellet (isolated from indicative samples tested in the present study; see Table 3 ) are solubilized (e.g. by a glass rod, combined with vortexing, in a microcentrifuge tube by) in a minimum volume of 50 mM NaOH, and used immediately (or kept frozen at − 20°C; it can be stored for at least one month). The same alkaline solvent is also used for further dilution of the (in minimum volume) protein solubilizate, keeping in mind that the RBH assay requires extremely small amounts of protein (its minimum protein limit is~2.5 µg).
Important notes: 1. Minimum volume solubilizate of large size protein pellets may become gel-like when re-thawed after storage at − 20°C, which may require an additional minimum dilution with 50 mM NaOH for complete re-solubilization. 2. Sample protein solubilizate pH should be kept at ≤ 12, since above it protein S-S bonds are unstable at 25°C (at pH~13, i.e., at 0.2 M NaOH [31] ).
Procedure (timing 90 min)
1. In each of two 1.5 ml-microcentrifuge tubes (one for sample, S, and one for sample blank, SB) mix 50 μl 132/68 mM C/P-0.4 M gndHCl buffer, pH 3, with 140 μl of an appropriate dilution (with 50 mM NaOH) of the sample protein solution. For highest accuracy prepare S and SS in three dilutions at 2.5-50 µg protein. Then to both tubes add 5 μl 1.4 M HCl, and then add 5 μl 1 mM RBH in the S tube, and 5 μl absolute EtOH in the SB tube, and incubate in the dark for 1 h at 37°C (until maximum formation of the protein carbonyl-RBH hydrazone). If sample protein solubilizate is of limited quantity, SB can be prepared only for the lowest dilution, and its netFU SB (see step 4) can be proportionally extended as controls to the other S dilutions.
The simplest way to separate (and discard) unreacted RBH from the protein carbonyl-RBH hydrazone and collect the entire protein in the S and SB reaction mixtures is by ultrafiltration using commercially available microcentrifugal filter devices (such as the Amicon Ultra-0.5 ml 10 K and the Centricon Ultracel YM-10 by Millipore, with 10 K denoting that the filter of this particular microcentrifugal device type has a 10,000-nominal molecular weight limit). This procedure is described in the following step 1.1. In the absence of such ultrafilter device the procedure continues in step 2. I. Place the contents of the S and the SB tube in separate microcentrifugal filter devices (e.g. Amicon Ultra-0.5 ml 10 K), centrifuge (at 15,000g for 15 min at 4°C) and wash the retained protein (from the unreacted RBH and the other assay reagents) 2× with 0.5 ml ddH 2 O and 1× with 0.5 ml 3/17 mM C/P-8 M gndHCl buffer, pH 5 (each wash followed by centrifugation). Then, solubilize unreacted RBH-washed protein (that is retained on the filter) in the S and SB microcentrifugal filter device protein with 300 μl (or higher, depending of the volume of the quartz cuvette in use) 33/17 mM C/P-8 M gndHCl buffer, pH 5, and collect the S and SB solubilizates by centrifugation after reversing the position of the filter device in its microcentrifuge tube holder (see user guide for more details). Since this and similar devices recover the protein with > 95% efficiency there is no need to redetermine its concentration in the solubilizates. Then, measure the FU of the S against the FU of the SB solubilizate, and convert to pmol carbonyls μg −1 protein as described in the subsequent step 4. 2. After 1 h incubation in step 1, add to both tubes 4 μl 1% DOC (final 0.02% in the 0.2 ml assay reaction mixture) and incubate for 10 min at RT. Then, add 22 μl 100% TCA (final 10%; for histones see the following IMPORTANT NOTE 1) and incubate for 15 min in an icewater bath. Precipitate proteins in the cloudy solution by centrifugation at 16,000g for 5 min at 4°C, wash the resulting protein pellet 2 × with 0.5 ml cold 100% acetone (see following IMPORT-ANT NOTE 2) each time, followed by centrifugation at 16,000g for 5 min at 4°C, and dry the pellet (in a speedvac apparatus, or over a steam of air or nitrogen gas) for 10 min at RT. At this point, the S pellet contains the protein carbonyl-RBH hydrazone, and the SB pellet any interfering components present also in the S pellet (for protein pellet storage see following IMPORTANT NOTE 3).
Important notes: 1. Since histones are acid-soluble proteins, TCA in step 2 needs to be set at final 33% (by addition of 0.1 ml 100% TCA to the 0.204 ml mix). 2. When vortexing with 0.5 ml acetone, part of the protein pellet may spread as a thin layer on the internal wall of the centrifuge tube (and above its bottom where the maim pellet is precipitated), which may not be visible if the pellet is small. Thus, while vortexing, scrap this invisible film downwards the internal walls by the round tip of a metallic spatula, and caution should be taken to wet carefully this area with the buffer used to solubilize the pellet described in step 3. 3. Both the S and SB protein pellets can be stored almost indefinitely at − 25°C, because the FU of any RBH released from a possible hydrolysis of the protein carbonyl-RBH hydrazone bond in the dry protein pellets will equal to its FU while bound to the protein carbonyl when the pellets will be solubilized and measured as in step 4.
3. Solubilize the DOC-TCA precipitated/acetone-washed S and SB protein pellets from step 2 in 50 μl 33/17 mM C/P-8 M gndHCl buffer, pH 5, by repeated wetting of the internal sides above the 0.5 ml level (by pumping/emptying the 50 μl with the pipette, followed by vigorous vortexing) of the microcentrifuge tube (see IMPORTANT NOTE 2 in step 2), and collect the 50 μl solubilizate at the bottom of the tube by a brief centrifugation. Then, withdraw 10 μl of the 50 μl solubilizate (the 20%) and mix with 90 μl ddH 2 O. This will dilute the 8 M gndHCl component of the 33/17 mM C/ P-8 M gndHCl buffer (pH 5) by 10 fold (further dilution is also done with ddH 2 O) for protein determination (as stated elsewhere [32] ), using as protein assay reagent blank a mixture of 45 μl ddH 2 O and 5 μl 33/17 mM C/P-8 M gndHCl buffer, pH 5.
Important notes: 1. GndHCl up to 2 M does not interfere with the protein assay [32] used in the present study. 2. The aforementioned protein assay detects minimum 100 ng protein in a sample volume 50 μl mixed with 950 μl of the CBB reagent. Therefore, the initial 50 μl S and SD solubilizate should contain each minimum 1 µg protein (thus the RBH assay minimum quantity required is 2-2.5 µg), in order for the withdrawn 10 μl to contain 0.2 µg protein in their finally adjusted volume of 100 μl, or the minimum 100 ng detected protein in the 50 μl sample volume used by the protein assay. Similar protein concentration should be followed for any other protein assay selected for application with the RBH assay.
4. Adjust the volume of the remaining 40 μl of the S and SB protein pellet solubilizates (from the initial 50 μl solubilizates from step 3) to 300 μl (or higher, depending of the volume of the quartz cuvette in use) by addition of 260 μl 33/17 mM C/P-8 M gndHCl buffer, pH 5 (using the same buffer if further dilution of this solubilizate is needed). Centrifuge the resulting solubilizates at 16,000g for 5 min at 25°C to precipitate any present DNA (see IMPORTANT NOTE 1), and collect carefully the S and SB clear supernatant solubilizates by placing the pipette tip on the opposite (to the centrifugal force direction) bottom side of the tube as to not disturb the DNA clear pellet. Subsequently, determine the net FU of the S and SB solubilizates (designated netFU S and netFU SB , respectively) by measuring their FU at ex/em 560/585 nm (with the spectrofluorometer Shimadzu RF-1501 set at 10 nm width slit and high sensitivity) and subtracting from each the FU value of the 33/17 mM C/P-8 M gndHCl buffer, pH 5. Convert the resulting netFU S and netFU SB values per protein quantity (designated pq; fully designated netFU S/pq and netFU SB/pq , respectively) by dividing them with the protein quantity contained in the corresponding 40 μl S-and SB-pellet solubilizates (and determined as in step 3). Then, the net FU of the protein carbonyl (pc)-RBH hydrazone per pc in the S solubilizate (designated netS pc/pq ) is given by the formula:
The netS pc/pq (determined for and being proportional to at least three sample dilutions) is calculated from the netFU S/pq -netFU SB/pq difference after converting the netFU S and netFU SB values to carbonyl pmoles (and dividing them by the corresponding protein quantity, e.g. in μg, determined as in step 3) by the RBH standard curve; its construction is described in the Supplement's Part I. Standardization of the RBH assay, Section IV, which is made with the same solution of 33/ 17 mM C/P-8 M gndHCl buffer (pH 5) that is used throughout the procedure (the standard curve is also used for determining the assay's sensitivity; see Table 1 ).
Cautions: 1. The netFU S/pq and netFU SB/pq should be determined separately because the quantity of their precipitated protein in step 2 may differ (although they start with same protein quantity). 2. Given that protein carbony-RBH hydrazone fluorescence is measured in the 33/ 17 mM C/P-8 M gndHCl buffer (pH 5) where gndHCl is at near maximum solubility, for achieving repeatability in the concentration of gndHCl in this buffer, the commercial gndHCl reagent in use should be kept desiccated because it is highly hygroscopic.
Important notes: 1. The highest possible sensitivity of the RBH assay is attained by standardizing the 33/17 mM C/P buffer (pH 5) at gndHCl saturation (satur) concentration, and when the background fluorescence of the 33/17 mM C/P -gndHCl satur (or at 8 M gndHCl) buffer (pH 5) is at minimum level attained using assay reagents of the highest purity. Given that saturation is temperature dependent, the 33/17 mM C/P - 3C ). Given this value in a protein sample represents only 80% of the total carbonyl-RBH hydrazone carbonyls (the rest 20% is used for protein determination after reaction with RBH), the actual minimum value of sample carbonyls is 0.625 pmoles. However, the aforementioned cuvette in use can measure a minimum volume 0.2 ml (33% decrease of the 0.3 ml RBH solubilizate), and this decreases the limit of the RBH assay to 0.415 pmoles (~2 nM).
b Numbers in brackets are for the FTC assay. Its carbonyl detection limit has been previously determined to be~100 fold higher than the limit of the stdDNPH assay [17] . Since the latter limit is determined at 443 pmoles in the present study, the actual limit of the FTC assay is~4.4 pmoles. c Minimum sample protein quantities used in this table for RBH and FTC assays are 2.5 and 2,000 µg, respectively, with that for the FTC assay previously reported [17] . * The slope value (200) of the RBH standard curve in Suppl. Fig. 3C could become~600 (i.e., 1 pmole carbonyls emits 600 FU; data not shown) when the 33/17 mM C/P buffer is set at gndHCl saturated concentration (data not shown). This means that the sensitivity for the RBH assay can be 3-fold higher at saturating than at 8 M gndHCl, and that the sensitivity ratios of the RBH over the FTC assay will increase accordingly.
gndHCl satur buffer (pH 5) should be kept at constant temperature (e.g. in a water bath set at 25°C). 2. The difference of the factors netFU S/pq and netFU SB/pq in the equation for netS pc/pq should be calculated for various sample dilutions (at least three) to which the corresponding differences should be proportional among each other. If this is not possible (especially for samples of limited quantity and low carbonyl content), the individual values for each of the two equation factors may be plotted separately (against the corresponding dilutions) as to fit to a straight line that crosses both axes at zero value, and the slope values are determined. Then, the equation of netS pc/pq will be equal to the slope value of the factor netFU S/pq plot minus the slope value of the factor netFU SB/pq plot.
Statistical treatment of raw data and assay statistical precision
The RBH assay was tested on protein fractions from various sources (Tables 2, 3 ). Protein carbonyl content is expressed as mean (of at least 5 independent experiments) ± standard deviation (SD), and statistically analyzed by the package SPSS Inc, 2001, Release 11.0.0, USA. Carbonyl values from human serum, in particular, are mean of 10/10 male/female human subjects in middle age ± SD, after checking for equality of error variances between values of males and females (Levene's test) with two-way ANOVA analysis of variance (to identify significant differences between values), and with the parametric posthoc multiple comparison Bonferroni test (p < 0.05). The RBH assay is statistically analyzed for precision assessed both during a single analytical run (within-run, within-day precision or repeatability) and with time (between-run, between day repeatability, also named intermediate precision). For determining the minimum statistical variation of the protein carbonyls quantified by the RBH assay, at least three successive dilutions of human serum samples are analyzed the same day of blood collection, and their mean value is calculated. The within-day % coefficient variation is calculated as SD×100/mean, and . Therefore, the zero value can be due either to the non-solubilization of DNA or to the overrun of the sensitivity limit of the assay to detect the RBH reagent that may be non-specifically bound on the minor quantity of DNA that may have been solubilized. DNA insolubility in the solubilization solution of the RBH assay is the main mechanism by which this assay does not exhibit RBH-DNA interference (even at its minor degree determined 0.03%) when testing carbonyls in protein samples that may be contaminated with DNA. d Values in brackets (designating same quantities as those in parentheses explained in table's Note 'a′) are derived from the fluorescence values of the RBH assay's pH-5-adjusted solubilization solution, measured after initially subjecting the insoluble DNA precipitate to NaOH solubilization (as also described in the preceding table Note 'c′), and then mixing the resulting solubilizate with the corresponding assay solubilization solutions. The DNA pellet alkaline pre-solubilization procedure is employed in order to determine the degree (0.03%) of the non-specific interference of DNA on the RBH assay. ) that is associated with the day-to-day variation, and the variance of repeatability (σ 2 within ).
Part B. Standardization of the RBH assay by statistical comparison with the control ntrDNPH assay for data coincidence
The RBH assay is compared for data coincidence against the control ntrDNPH assay [1] for two reasons: (i) the reaction mechanism of protein carbonyls with DNPH has been established after numerous studies; the reliability of measuring protein carbonyls with DNPH has been established by the development of the ntrDNPH assay: Protein carbonyls are measured by the two assays in a series of BSA ox , lysozyme ox and pepsin ox samples mixed at various proportions with their corresponding protein red pairs (depleted of protein carbonyls), while keeping constant the total protein concentration. Specifically, the two assays are used to measure the protein carbonyls of increasing quantities of e.g. BSA ox in mixture with decreasing quantities of BSA red (that is, at various BSA ox/red ratios, each tested in triplicates) and at a fixed total protein mix. These mean values are then used to determine the Pearson correlation of these values, and to perform a Bland-Altman plot comparison analysis between the assays (Fig. 2 ), using Prism 6 by GraphPad Software.
Part C. Standardization of the RBH assay against possible interfering factors 2.4.1. Heme proteins
As already mentioned in Introduction, RBH has been used for the quantification of Hb and cyt.c which hydrolyze it to rhodamine B [26, 27] . Since this study does not elucidate the mechanism of RBH reaction with Hb and cyt.c, we investigated a possible interference by these heme proteins on the RBH assay using as comparison control the ntrDNPH assay [1] . Possible protein heme interference on the RBH assay was tested (against the ntrDNPH) on untreated (untr) preparations of Hb and cyt.c (designated Hb untr and cyt.c untr , respectively), using decarbonylated (NaBH 4 -reduced) Hb red and cyt.c red as additional control. Protein carbonyls were determined on 50-150 µg heme proteins (from 2-mg ml −1 stock solutions, by dilution of their 10-mg ml −1 initial stocks; their preparation is shown in the Supplement's Part I. Standardization of the RBH assay, Section I), against their untreated preparations of same protein quantities (Table 2 ).
DNA
DNA has been claimed to interfer with the 2,4-dinitrophenylhydrazine (DNPH)-based photometric assays without elucidation of the interference mechanism [33] [34] [35] . However, it was found that this interference is not due to DNPH's direct reaction with the carbonyl groups in the T, C and G bases of DNA but to its non-specific binding to DNA [1] . Since RBH contains also an active hydrazine group, we investigated the possible interference of the RBH assay with DNA (Table 2) , The detailed experimental procedure is shown in the Supplement's Part II. Test of DNA interference on the RBH assay. 
. RBH assay optimal standardization parameters
The shortest reaction time (1 h) for protein carbonyl-RBH hydrazone adduct formation was obtained in the presence of the chaotropic reagent gndHCl (Suppl. Fig. 1 ), but only at up to 0.1 M. GndHCl at 0.1 M is high enough to induce an effective access of RBH to protein carbonyls due to the partial unfolding it causes to proteins [36] , but low enough as to not prevent (via its H-bond disrupting action) the electrostatic association of RBH with proteins and its subsequent reaction with their carbonyls. Another important finding of this study is that the net fluorescence units (FU) of the BSA red (and also the pepsin red and lysozyme red ) control (corrected for the fluorescence of the sample blank) are zero, and similarly the FU of the reagent blank, which shows that the 2× acetone wash procedure in the RBH assay completely eliminates any RBH non-specific binding to proteins.
The maximum fluorescence specific activity (FSA) of the protein carbonyl-RBH hydrazone adduct takes place at pH 5 as a function of gndHCl concentration. It reaches a~130-fold increase at 8 M gndHCl (Suppl. Fig. 2) , and it further increases by at least 3-fold at saturated gndHCl concentration (data not shown). It should be noted that the pH profile of the maximum FSA value of the protein carbonyl-RBH hydrazone in the absence of urea or gndHCl (dotted line in Suppl. Fig. 2 ) is very similar to that obtained by the corresponding hydrazone formed by the reaction of RBH with diacetyl [20] . The maximum FSA increase of the protein carbonyl-RBH hydrazone that is caused by gndHCl may be due to its 3 amino groups compared to the 2 amino groups of the non-effective urea, and possibly because of its higher chaotropic potential than of urea [36] . Moreover, the FSA of the protein carbonyl-RBH hydrazone is stable at 4°C (and at pH 5) in the dark even after 2 days (data not shown). This is expected by the known stability of the hydrazone bonds at the pH range 5-9 [37] .
The molar stoichiometry of the reaction of RBH with protein carbonyls was found to be 1:1 by the performed titration experiments (Suppl. Fig. 3A,B) , and was also proven by the identical slopes of both the standard curves of RBH and of protein carbonyls (Suppl. Fig. 3C ). It is also in accordance to the proposed RBH assay reaction mechanism (Fig. 1) , which proceeds via the opening of the non-fluorescent cyclic spirolactam ring amide of RBH. This opening can take place either via a low pH-proton-induced conformation change of RBH [20] , or by the gndHCl in the assay buffer (33/17 mM C/P-8 M gndHCl, pH 5) as the stoichiometry 1:1 suggests, or during the reaction of RBH (at acidic pH) with the protein carbonyls (and the formation of the hydrazone bond). Therefore, the molar carbonyl content of a protein can be easily determined fluorometrically by the RBH assay, by using an RBH standard curve the slope of which sets the sensitivity limit of the RBH assay. However, the RBH standard curve slope at 8 M gndHCl is minimum (Suppl. Fig. 3C ), because its value increases~3-fold at saturated gndHCl concentration in the C/P buffer (data not shown), which, consequently, near triples the sensitivity detection of the RBH assay (Table 1) . At 8 M gndHCl, the detection sensitivity limit of the RBH assay can be as low as 2 nM (or 0.4 pmol in 0.2 ml for a minimum 100 FU), and it can be even lower depending on the S/N ratio and the sensitivity of the spectrofluorometer in use. This makes it almost 600-fold more sensitive than the ntrDNPH assay [1] . Thus, the RBH assay represents a reliable alternative for protein samples below the ntrDNPH assay's sensitivity limit.
In contrast, gndHCl in the FTC assay quenches the fluorescence of the protein carbonyl-FTC hydrazone [14] , and this may contribute to its 11-fold lower sensitivity (carbonyl detection sensitivity limit) compared to that of the RBH assay (Table 1) . Additionally, the combination of DOC with TCA in the precipitation of the protein sample in the RBH assay is highly efficient (~95%) even for protein samples at~2.5 µg [38, 39] , which constitutes and the minimum protein quantity limit of the RBH assay. Moreover, DOC-TCA combination causes the co-precipitation and of the acid soluble proteins (they co-precipitate together with the bound on them DOC). On the other hand, TCA alone used by the FTC assay does not precipitate acidic soluble proteins, let alone the recovery of proteins by TCA precipitation alone can be as low as 24% [18] . Indeed, considerable protein loss (acid soluble proteins included) has been reported during precipitation with TCA alone [17] . Considering all these above factors and also the RBH assays' minimum protein quantity requirement, its cumulative and functional sensitivity is 8500-and 800-fold higher, respectively, than those of the fluorescent FTC assay (Table 1 ). The advantages of the RBH assay over the FTC assay are outlined in Table 4 .
The RBH assay can be further simplified by omission of the DOC-TCA protein precipitation step. The unreacted RBH in the assay reaction mixture can be separated from the protein by retaining the protein fraction in the filter component of an ultrafiltration microcentrifugal filter device such as those commercially available (e.g. Amicon Ultra-0.5 ml 10 K). The RBH assay may be also modified to analyze RBHtreated carbonylated proteins subjected to SDS denaturing protein gel electrophoresis. Removal of unreacted RBH from the gel can be achieved by a solvent (e.g. MetOH/acetone) wash, incubation of the gel in the 8 M gndHCl C/P buffer, pH 5, and visualization (by fluorescence emission) of the carbonyl content in protein-RBH hydrazones separated on the gel in bands. Electrophoretic separation of the proteins in the sample may be performed after or before their reaction with RBH, whereby in the latter case RBH should react with the protein bands on the gel.
Statistical precision of the RBH assay and comparison with the ntrDNPH assay for data coincidence
The RBH assay was also analyzed for the closeness (precision) in individual measures of protein carbonyls when applied repeatedly to multiple aliquots of a single biological sample, and between days. The within-day % coefficient variation for the RBH assay is < 3.5% and the variance of intermediate precision (or between day repeatability) is < 4.0%. The statistical coincidence of the carbonyl values obtained by the RBH and ntrDNPH assays for the same sample is tested by measuring the protein carbonyls of BSA ox against BSA red at various BSA ox/red ratios and at a fixed total quantity (each tested in triplicate), and their means (from the triplicates) are statistically compared (similar data are obtained with lysozyme ox/red and pepsin ox/red protein mixtures). As shown in Fig. 2A , the mean values of protein carbonyls for each sample obtained by these two assays have an excellent Pearson correlation (r = 0.993, at confidence interval 95%). Nonetheless, this correlation actually measures the strength of the relation between the variable measured by two assays and not the agreement between them [40] . This is evaluated by subjecting these data to a Bland-Altman plot analysis, which shows that the differences with the RBH assay against the ntrDNPH assay are not statistically significant (Fig. 2B) .
Heme protein and DNA possible interference
Heme proteins Hb and cyt.c were investigated for interference with the RBH assay because RBH has been used for their quantification as well. However, the presumed quantification mechanism does not involve any adduct formation between these heme proteins and RBH, but its hydrolysis to the fluorescent rhodamine B (which presumably increases its fluorescence by incorporation in the micelles of the detergent sodium dodecylbenzene sulfonate [26, 27] ). Nonetheless, we Table 4 Advantages of the RBH assay over the FTC assay.
RBH assay FTC assay
The fluorescence of the protein carbonyl-RBH hydrazone is greatly increased by gndHCl The fluorescence of the protein carbonyl-FTC hydrazone is quenched by gndHCl Requires samples with minute protein quantity (≥ 2.5 µg), and is only limited by the protein recovery of its DOC-TCA precipitation step (see below) and by the sensitivity limit of the assay. The assay's minimum protein limit of 2.5 µg is possible because of the use of an ultrasensitive protein quantification assay [32] . The RBH assay can use protein quantities even lower than 2.5 µg if its DOC-TCA protein precipitation step is replaced by the use of microcentrifugal filter devices (e.g. Amicon Ultra-0.5 ml 10 K), described in step 1.1 of the article's Part A. Protocol of the RBH assay
Requires samples of high protein concentration (2-10 mg ml
−1
). Accounting the fluorescence quenching by gndHCl of the carbonyl-FTC hydrazone and the at least 2000-fold higher protein quantity limit of the FTC assay, its cumulative and functional sensitivity is at least 8500-and 800-fold lower, respectively than those of the RBH assay (Table 1) Protein recovery of the RBH assay's DOC-TCA precipitation step is ≥ 90% even for protein samples as low as 2-5 µg [38, 39] . Since DOC co-precipitates also acid soluble proteins, the carbonyls of such proteins are also measured by the RBH assay
Given that the recovery of proteins by TCA precipitation can be as low as 24% [18] , protein recovery by the FTC assay's TCA precipitation step is not only very ineffective but the acid soluble proteins in the sample are also lost. All these add up to assay's unreliability and very low sensitivity Very short assay reaction incubation time (1 h); 24-fold shorter than that of the FTC assay Very long assay reaction incubation time (overnight, up to 24 h) Stable fluorescent hydrazone (for 2 days in the dark at RT).
Unstable fluorescent hydrazone High reproducibility, no DNA interference Low reproducibility, DNA interference investigated any possible interference of these heme proteins on the RBH assay as follows: We applied the RBH assay on untreated (untr) and artificially decarbonylated (NaBH 4 -reduced) Hb and cyt.c (Hb untr , cyt.c untr and Hb red , cyt.c red , respectively), and compared it with the control ntrDNPH assay [1] . Both assays give same protein carbonyl values (in nmole mg −1 protein) for each of the untreated heme proteins (Table 2) . However, only the RBH assay was able to measure the extremely low carbonyl background in Hb red and cyt. c red (64-and~23 fold lower than that for the Hb untr and cyt.c untr , respectively) due to its > 800-fold more sensitive carbonyl detection limit in comparison to that of the ntrDNPH assay. For comparison, the stoichiometric 1:1 heme content of Hb and cyt.c (62 and 83 nmoles mg −1 , respectively) is 1660-and 775-fold higher than the carbonyl background in Hb red and cyt.c red , respectively. Nonetheless, any interference due to the absorbance of an unknown protein sample at the wavelengths used by the RBH assay can be canceled out by the sample blank.
The RBH assay was also tested on pure DNA in order to assess any interference (Table 2 ) as result either of direct reaction (of its bases) or its non-specific association with RBH. Detailed description of the employed experiments is presented in the Supplement's Part II. Test of DNA interference on the RBH assay, and explanations on the definition of this particular interference and of the results are presented in the notes of Table 2 . Washing conditions of unreacted RBH employed in the RBH assay proved to be 100% effective; DNA interference is zero (Table 2 ; data in parentheses). This result proves that there is no direct reaction of RBH with DNA, as this was also shown with DNPH [1] ; let alone that DNA proved to be insoluble in the protein-RBH hydrazone C/P -gndHCl solubilization buffer of the RBH assay. This finding also suggests that the only possible RBH-DNA association will be non-specific, and for the RBH assay was found to be statistically insignificant (0.03%). Therefore, no removal of DNA from protein samples is required when using the RBH assay.
Standardization of the RBH assay on indicative samples
The RBH assay was tested on indicative samples for carbonyl content (Table 3) in the cytoplasmic and histone protein fractions (isolated as described in the Supplement's Section IV of the ntrDNPH assay [1] ). Histone fraction was used to also test the assay's detection limit for protein fractions present in cells in very low quantities.
Moreover, histone fraction was also chosen in order to introduce its carbonyl concentration levels as a possible indirect indicator for the oxidative status of chromosomal (and microbial) DNA. Histones protect nuclear DNA from oxidative damage by free radicals, but they themselves are also sensitive to oxidative damage in the process. Mitochondrial DNA, on the other hand, is not protected in its close proximity to the radical production site (the electron transport chain), because of the absence of histones. Histones are the major protein components of chromatin with many roles. They are necessary for transcription and replication processes through DNA detachment/reattachment, which, however, can be influenced by the potential crosslinking of oxidatively damaged histones with DNA. Moreover, modification of histones by ROS such as H 2 O 2 can alter their ionic charge and affect their functions in gene expression and chromatin integrity. Thus, oxidatively modified histones must be efficiently degraded by nuclear proteasomes to maintain chromatin integrity. Extensive reviews for these processes and the various roles of histones are presented elsewhere [41] [42] [43] . Therefore, the carbonyl content of histones can be an indicator, possibly clinical as well, of various biological processes and diseases, and its accurate determination is very important in studies that investigate the various roles of histones. Moreover, due to proximity of DNA with histones their carbonylation can be also used as an indirect indicator of DNA damage, possibly in comparison to DNA fragmentation [44, 45] or to other markers of DNA oxidative modification.
Histone carbonyls have been determined by the stdDNPH assay [33] and by immunodetection [46] . For example, histone carbonyls were estimated in rat nuclei by the stdDNPH assay (at~5 and~11 nmol mg −1 protein from liver and spleen, respectively), and their levels (2-fold higher than in proteins from mitochondria and cytoplasm) were attributed to an extensive modification of their lysine and arginine residues [47] . However, these carbonyl values were obtained by the proteins in the supernatant fraction resulting after streptomycin-DNA precipitation, and they are erroneous because they do not belong to histones since these positively charged proteins are expected to coprecipitate with DNA. The second immunodetection approach for histone carbonyl evaluation (with anti-DNP antibody on SDS-gels, and estimation by Western blotting [46] ) is semi quantitative, and has been used to assess H1-carbonyls in bovine organs [48] , while a recent modification (oxy-2D-Triton-Acetic acid-Urea Western blot method) has been used to assess histone carbonylation (in arbitrary units) in proliferating cells [49] . Moreover, the immunodetection methods are not suitable for the accurate evaluation of the oxidative modification of histones because of other factors affecting the variability of the obtained data [50] . Nor are other methods that require samples with high protein content (such as the standard DNPH and FTC assays), in light of the fact that histones constitute small fraction of total proteins (especially in plant tissues).
The ultrasensitive RBH assay of the present study was shown to be the most appropriate assay for the accurate quantification of histones, especially for the small quantities that are isolated from plant tissues (Table 3) . Indicatively, carbonylation of histones was assessed in the unstressed plants B. oleracea and L. sativa, and was 3-and 25-fold lower, respectively, than in their cytoplasmic proteins. Such difference was not observed in cytoplasmic proteins fractionated from normal rat brain stem and intestine tissue ( Table 3 ). The RBH assay is also tested on carbonylated and decarbonylated control proteins such as BSA ox/red (lysozyme ox/red , pepsin ox/red were also tested), and was compared with the ntrDNPH assay on total proteins from human blood serum carbonyl content. Comparison were also made with the protein carbonyl values in human blood serum/plasma determined by the FTC assay (Table 3) . Both RBH and ntrDNPH assays produce statistically same carbonyl values for human serum, as this was verified by the statistical comparison of both assays for data coincidence (Fig. 2) . However, variation is observed with the carbonyl values determined by the FTC assay on human blood serum, which can be attributed to certain interfering factors stated elsewhere [17] .
Lastly, the RBH assay was tested on carbonylated cellulose-based polysaccharides (See Supplement's Part III. Test of the RBH assay on carbonylated polysaccharides), given their carbonyl content can be estimated by the control ntrDNPH assay [1] . It was found that the minimum required incubation time for fluorescence stabilization of the polysaccharide-RBH product was 2h (in contrast to the established 1-hr incubation for protein carbonyls) to obtain a measurable FU value. However, the carbonyl content value (in nmoles carbonyls mg −1 polysaccharide) for CMCellu NaClO-carbnylated obtained by the RBH assay was~25 fold-lower than that obtained by the ntrDNPH assay [1] . Besides this inconsistency, no proportionality was obtained with the RBH assay for the various polysaccharide quantities tested, while the fluorescence of the RBH-CMCellu NaClO-carbnylated product was quite unstable over time (its FU reached zero after storage for 1 day at 4°C). It is concluded that the RBH assay cannot be applied on polysaccharides, and that the ntrDNPH assay is the assay of choice.
Caveats
Interfering reagents possibly present in various sample treatments can be canceled out by sample dilution and/or by testing in the appropriate sample blank. For example, DTT (used to pretreat the protein sample by a standardized procedure mentioned in the article's Part A. Protocol of the RBH assay) does not interfere at 25 mM in the RBH assay reaction mixture.
